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, and each session lasted between 10 and 15 min. Speed was gradually increased during the main 8-week training program from 13 m×min -1 during the first week up to 20 m×min -1 during the last week. Each session in the first week of training lasted 20 min. Training session time increased up to 60 min during the sessions in the last week of training ( Fig. 1 ). Initial and resting exercises were performed at the start and end of each training session (speed = 10 m×min -1 and duration = 5 min). Treadmill apparatus inclination was not changed during the training period. Although we did not measure exercise intensity, this training protocol is a low-intensity exercise training (55% of VO 2max ; 16-20 m×min -1 ) according to a previous study [14] . All experimental procedures were performed 48 hours after the last training session.
Assessment of obesity
Adult animals from each experimental group (91 days old; n = 10 -12 per group) were anaesthetized (thiopental 45 mg/kg of body weight) and weighed, and the body length was measured to calculate the Lee index (Lee index = (body weight [g] 1/3 / body length [cm]) × 1000) [15] . Animals were sacrificed by decapitation so that the periepididymal (EPI), retroperitoneal (RP), inguinal (ING) and mesenteric (MES) fat pads could be removed and weighed.
Intravenous glucose tolerance test (ivGTT)
Animals from the four experimental groups (91 days old; n = 10 -12) were fasted for 12 h (from 7 PM to 7 AM) before the test. Following fasting, all animals received a glucose infusion (1 g/Kg of body weight), and blood samples were collected by a cannula implanted in the right jugular vein at 0 min (prior to glucose infusion), 5, 15, 30 and 45 min after the infusion. Blood was centrifuged, and the plasma was used to determine the glycemia by the glucose-oxidase technique (Gold Analisa ® Belo Horizonte, Minas Gerais, Brazil) and insulinemia by radio-immunoassay (RIA) (PerkinElmer ® , Boston, Massachusetts, USA). The glucose and insulin responses during the glucose tolerance test were calculated by estimating the total area under the glucose curve using the trapezoidal method [16] . The homeostasis model assessment of insulin resistance (HOMA) was used as the physiological index of insulin resistance. This was assessed from fasting glucose and fasting insulin concentrations using the following formula: HOMA = (fasting insulin [ng/ mL] × fasting glucose [mg/dL]) / 22.5 [17] .
Intraperitoneal insulin tolerance test (ipITT)
Another batch of animals from the four experimental groups (91 days old; n = 10 -12) received an intraperitoneal injection of human recombinant insulin (1 U/kg of body weight; in 200 µL of saline; Eli Lilly ® , São Paulo, Brazil). Blood samples were obtained by tail venesection, and glycemia was measured using a glucometer (ACCU-CHEK ® Advantage, Roche Diagnostics, Mannheim, Germany) at 0 (prior to insulin injection), 5, 15, 30 and 45 min after injection; glycemia was measured at each correspondent time. Thereafter, the constant rate for glucose disappearance (K itt ) was calculated by the formula 0.693/ (t 1/2 ). The plasma glucose t 1/2 was calculated from the slope of the least-squares analysis of plasma glucose concentrations during the linear decay phase [18] . Anesthesia was not used during the ivGTT or ipITT tests. The animals used in the ivGTT and ipITT tests were not used for further analysis. 
Cellular Physiology and Biochemistry
Plasma analysis of total cholesterol, ALT and AST Blood samples were collected, centrifuged (120 g for 15 min) and aliquots of plasma were used for the measurements of ALT and AST by the kinetic UV method using an automatic spectrophotometer and a specific commercial kit (Gold Analisa ® Belo Horizonte, Minas Gerais, Brazil). Serum total cholesterol was measured by a colorimetric enzymatic method (Gold Analisa ® Belo Horizonte, Minas Gerais, Brazil). Analyses were performed in triplicate [12] .
Pancreatic islets isolation and static insulin secretion
Pancreatic islets were isolated by collagenase digestion and washed with Hank's solution as previously described [19] . Groups of four isolated islets were pre-incubated for 60 min at 37 °C in Krebs solution containing 5.6 mM glucose in an incubator with a mixture of 95% O 2 :5% CO 2 and pH 7.4 to stabilize insulin secretion. The Krebs solution was then replaced, and islets were incubated for 60 min under the experimental conditions with 5.6 mM, 8.3 mM, 11.1 mM and 16.7 mM glucose to assess GIIS. The insulin secretion was determined by RIA [18] .
Parasympathetic activity
Following 12 h of fasting, animals from the four experimental groups (91 days old; n = 15 -18) were anaesthetized (thiopental 45 mg/kg of body weight). A surgical longitudinal incision was made on the anterior cervical region. Employing a dissection microscope, the nerve bundle of the left vagus' superior branch was severed from the carotid artery close to the trachea, as previously described [6] . The neural signal output was acquired by an Insight interface (Insight ® , Riberão Preto SP Brazil). Nerve activity was analyzed for 5 sec to determine the number of spikes. After stabilizing of the signal for 5-10 min, 20 record frames of 15 sec from each animal were randomly chosen for spike counting. Spikes greater than 0 mV were assumed to be signals. The average number of spikes was used as the nerve firing rate for each rat.
Sympathetic activity
The sympathetic branch nerve (SN) from the superior cervical ganglia was dissected from another group of animals from the four experimental groups (91 days old; n = 15 -18) after 12 h of fasting. The electrode was placed under the SN. Firing rates from the SN were obtained as described for the vagus nerve. The animals used in the parasympathetic and sympathetic activities tests were not used for further analysis.
Liver histological analysis
Several fragments from all parts of the liver from six animals per experimental group were instantly fixed in Bouin's solution, dehydrated using graded concentration solutions of ethanol (70%, 80%, 90% and 100%), diaphanized in xylol and embedded in histologic paraffin. Transverse semi-serial sections of 5 µm thickness were obtained using a Leica RM 2145 microtome (Leica Microsystems, Wechsler, Germany) with a steel knife. The histologic sections were stained with hematoxylin and eosin (H&E). Morphology analysis was carried out using five non-consecutive digital images per animal using a high resolution camera (Q Color 3 Olympus American, Burnaby, BC, Canada) coupled to an Olympus BX 41 light microscope at 20× and 40× objectives (Olympus, Tokyo, Japan); subsequently, these images were transmitted to a computer using Q Capture Pro 5.1 and Image-Pro Plus 4.5 (Media Cybernetics, Silver Springs, MD, USA) [20, 21] .
Statistical analysis
The results are expressed as the mean ± standard error of the mean (M ± SEM). The data obtained from all experiments were compared using the one-way ANOVA. The post hoc Tukey's multiple comparison test was employed when necessary. The significance level was set at p < 0.05. The statistical analyses were performed using GraphPad Prism ® 5.0 Software, San Diego, CA, USA.
Results

Moderate exercise attenuates obesity
Body weight was significantly different between the Control-SED and HFD-SED groups from the 7 th week of HFD-treatment up to the 10 th week of treatment. In comparison with the Table 1 ). However, no differences were observed in the food intake between the exercised groups and the sedentary groups (Table 1) . Both Control-EXE and HFD-EXE animals showed lower fat tissue accumulation (EPI 51% and 53%, Fig. 2A ; RP 44% and 54%, Fig. 2B ; ING 31% and 64%, Fig. 2C and MES fat pad 46% and 55%, Fig. 2D , respectively) compared to Control-SED and HFD-SED groups (p < 0.0001).
Moderate exercise improves glycemic homeostasis
As shown in Table 1 , although there was no change in the fasting glucose level, the fasting insulin and HOMA index were 124% and 89% higher (p < 0.001) in the HFD-SED group compared with control-SED, respectively. Treadmill exercise reduced fasting blood insulin by 69% and the HOMA index by 50% in HFD-EXE (p < 0.001) compared with HFD-SED rats. These metabolic parameters did not change in the Control-EXE animals compared to the Control-SED rats (Table 1) .
Insulin sensitivity (K itt ) during ipITT was significantly decreased (55%) in the HFD-SED group compared to the Control-SED group (p < 0.05; Table 1 ). Treadmill exercise led to higher insulin sensitivity as demonstrated by the K itt values of 225% (p < 0.0001) and 33% (p < 0.05) in HFD-EXE and Control-EXE groups, respectively (Table 1) .
HFD-SED rats displayed higher blood glucose at 5 and 15 min during the ivGTT test (p < 0.01; Fig. 3A ) and a 60% increase in AUC (p < 0.0001; Fig. 3B ) in relation to the Control-SED group. Plasma insulin levels were increased at time 0 (zero), 5 and 15 min (p < 0.05; Fig. 3C ) during the ivGTT, and the AUC of this parameter was one-fold higher in the HFD-SED group 
Effects of HFD and moderate exercise on plasma levels of total cholesterol, ALT and AST
The HFD significantly increased the plasma levels of total cholesterol (41%), ALT (45%) and AST (81%) in the HFD-SED group compared to the Control-SED group (p < 0.01). Treadmill exercise improved these parameters in the HFD-EXE group in relation to the HFD-SED group (p < 0.01). No differences were observed between the Control-EXE and Control-SED groups ( Table 1) . Fig. 3E shows the insulinotropic effect of glucose on isolated islets. Islets isolated from HFD-SED rats secreted more insulin than islets isolated from all of the other groups at every glucose concentration (p < 0.001). Exercise decreased glucose-induced insulin secretion by islets from HFD-EXE animals compared with islets from the HFD-SED animals (p < 0.001). Insulin secretion in the Control-EXE animals was not different from the control-SED animals. Fig. 4A shows that the vagus nerve firing rates increased 77% in the HFD-SED group when compared to the control-SED animals (p < 0.0001). Treadmill exercise did not cause any significant modification of the number of vagus nerve spikes in the Control-EXE group. However, a 40% decrease in vagus nerve electrical activity was observed in the HFD-EXE group compared with the HFD-SED group (p < 0.0001). Fig. 4B shows that treadmill exercise increased the triggering rate of SN by two-fold in the Control-EXE and HFD-EXE rats (p < 0.0001). No change was observed in the number of SN spikes in HFD-SED rats compared with Control-SED rats.
Effect of HFD and moderate exercise on GIIS
Moderate exercise improves ANS activity imbalanced by the HFD
Moderate exercise attenuates liver steatosis in high-fat diet fed rats
Photomicrographs of liver samples stained with H&E are shown in Fig. 5 . Qualitative analysis of the liver samples showed morphological changes in the livers from the HFD-SED group consisted of micro-vesicular or macro-vesicular steatosis. Alternatively, moderate exercise attenuated these morphological changes in the livers of HFD-EXE rats compared with HFD-SED rats. There were no differences between the Control-SED and the Control-EXE groups.
Discussion
For the first time, this study shows that an exercise training program, of moderate intensity and low frequency, was able to prevent some metabolic syndrome hallmarks, such as glucose intolerance, hyperinsulinemia, high fat tissue accumulation and high lipid deposits in liver. Likewise, insulin over-secretion in response to increasing glucose concentrations, displayed by isolated islets from HFD-obese rats, was also improved by this exercise training program. All benefits of this specific physical exercise program were associated with a decrease of PNS activity and an increase of SNS activity.
Our data corroborate the previous studies reporting that HFD-treated animals show higher caloric intake than animals fed a standard diet [22] [23] [24] . Moderate exercise did not modify food intake; this result agrees with research showing that no difference in food consumption was reported in trained animals compared with sedentary animals [25] . Previously, we demonstrated that MSG-obese or lean mice that underwent free swimming exercise, which was training with low intensity and low frequency, had no difference in food consumption compared with a respective sedentary group [6] . According to Patterson et al. non-exercised HFD-fed animals developed obesity and significant increases in fat tissue; this is also shown in the current study, where the fat mass increase occurred in the four specific fat storing regions, EPI, RP, ING and MES, proportionally [26] . The exercise program used in the current work was effective at preventing a body weight increase in control and HFD groups in comparison to their respective sedentary groups throughout the experimental period. Levin and Dunn-Meynell also reported that obese rats (HFD-treated) had a reduced body weight gain when they underwent voluntary training [27] .
Our data show that high fat accumulation caused by HFD-treatment was inhibited by moderate exercise. Because this effect has been reported in controls animals, it may suggest that the physical exercise was of mild, or moderate, intensity and metabolically aerobic. This may be because the treadmill exercise protocol used in the present work consumes a significant part of the fat tissue as energy substrate. A similar effect has also been recorded in other studies [26, 28] . Veras-Silva et al. showed that a treadmill running speed of 16-20 m×min -1 corresponds to 55% of VO 2max in rats [14] . Physical activity stimulates the release of catecholamines in the sympathetic terminals and through the chromaffin cells of the adrenal medulla glands. This process then triggers lipolysis and lipids of the fat tissues, which are mobilized to be employed as energy substrate [29, 30] . As previously published, our group reported that increases in the total catecholamine content were more prominent in MSGobese mice that began the exercise training in early developmental stages of life, even if these mice stopped the training close to the end of the adolescence phase. On the other hand, mice that began to swim after the adolescent period did not present improvement on the sympathoadrenal axis [30] . In the present work, we show that HFD-treated rats that run throughout HFD treatment, including the adolescent phase, displayed resistance against HFD-induced metabolic disturbance as well as beta cell malfunction. Our data are suggestive that moderate intensity physical training performed during this developmental plasticity phase might have modulated the ANS function, thereby blocking the HFD-induced metabolic malfunctions. Exercise training acts as one important modulator of ANS activity by controlling metabolism through the connections between the brain and peripheral tissues that are mainly under the action of hypothalamic-pituitary-adrenal (HPA) axis [31] .
Recently, our group showed that HFD introduced during adolescence causes more drastic consequences in metabolism than when HFD was administered in adult rats [13] . As with gestation and/or lactation, adolescence is a very sensitive phase in brain development; and any injury during the peripubertal period might cause permanent changes in metabolism when the individual reaches adult life [32] . It has been shown that the earlier the exercise program is started, the more evident the inhibition of obesity onset will be [26, 30] .
When insulin is bound by its specific receptors, it initiates a series of phosphorylation reactions in cytosolic proteins that culminates in the translocation of the GLUT-4 vesicles to the plasma membrane. This pathway is used by glucose to enter the cells. Rodrigues et al. showed that obese animals given early over-nutrition display impaired insulin signaling with low IRS-1 and PI3K levels and, consequently, a decrease in insulin sensitivity [33] ; these results confirm our findings from the ivGTT and ipITT tests. We showed that HFD-SED rats were resistant to insulin when compared to Control-SED animals, as has been observed in other studies [8, 13] . The development of insulin resistance was inhibited by moderate exercise in the HFD-EXE group in contrast to the respective sedentary group (HFD-SED). HFD-EXE animals were normo-glycemic and secreted less insulin than the HFD-SED group. These findings suggest an improvement in insulin sensitivity caused by the exercise protocol used in this study. A low HOMA index and high K itt rates also confirm that trained HFD-fed rats did not show peripheral resistance to insulin, even though the exercises themselves triggered a significant increase in GLUT-4 expression and translocation into the skeletal muscular tissue [34, 35] . Other more sensitive methods such as euglycemic clamping could be useful. In addition, our results showed that moderate exercise increased insulin sensitivity and reduced insulin secretion in the HFD-treated group. This was determined by the response of isolated pancreatic islets to basal and stimulatory glucose concentrations Gomes et 
and is similar to other studies where swimming or endurance training was used [7, 18] . One of the major findings of this study is that moderate exercise improves pancreatic islet function disrupted by HFD treatment. We show in the current work that HFD consumption increases the release of insulin by glucose-stimulated islets. We may attribute an increase in the insulinotropic effect of glucose to an adaptation to avoid peripheral insulin resistance, which has been reported in HFD-fed animals [36] . This type of adaptation has also been seen in other models of obesity and in humans [19, 37, 38] . Decreases in peripheral insulin resistance and in the insulinotropic effect of glucose in HFD-EXE animals may confirm the previous hypothesis. However, insulin secretion decreases during physical activity and is coupled to an increase in glucagon and epinephrine secretion to promote hepatic gluconeogenesis for the maintenance of blood glucose levels [39] .
For the first time, the current study shows imbalanced ANS activity, characterized by an increased firing rate from the vagus nerve caused by HFD-induced obesity. These data support the autonomic hypothesis of obesity [40] . An autonomic imbalance, revealed by electrical nerve activity in HFD-SED obese-rats, might have a strong relationship with the glycemic homeostasis rupture and high capacity of fat accumulation in tissues from obese animals. Many models of obesity, including the HFD-SED group of this study, show insulin over-secretion, which has a close relationship with high vagus activity [6, 41] . This is because blood insulin quantity is also modulated by vagal activity in pancreatic islets. The current exercise program was able to improve autonomic activity in the HFD-EXE group; PNS, represented by vagus nerve activity, decreases, whereas SNS, represented by SN activity, increases. High PNS activity stimulates anabolic pathways such as lipogenesis, reported in obesity onset, while high SNS activity stimulates catabolic metabolism such as lipolysis. SNS stimulation has been frequently associated with exercise [6, 42, 43] .
Liver steatosis is considered the hepatic manifestation of metabolic syndrome and is highly associated with increases in body mass or obesity, insulin resistance, hypertriglyceridemia, high total cholesterol, elevation of the plasma liver enzymes ALT and AST and adipokines such as leptin and adiponectin. Moreover, an HFD administration causes alterations in these parameters [12, 21] . In the present study, the HFD-SED group developed both hepatic micro-and macro-steatosis and a significant elevation of the plasma liver enzymes ALT and AST and total cholesterol. There are multiple mechanisms for the development of liver steatosis. We suggest that our findings demonstrate a relationship between fat mass gain, insulin resistance and liver steatosis. In addition, other investigations have reported that leptin resistance and hypoadiponectinemia may also contribute to liver steatosis [21] . However, the present study shows that moderate exercise improves the plasmatic levels of ALT, AST and total cholesterol and attenuates liver steatosis. Thereby, our findings indicate that moderate-intensity and low-frequency treadmill exercise has positive effects on liver fat oxidation and significantly reduces liver steatosis via a mechanism that is similar to that caused by swimming training [12] .
Conclusions
We conclude that moderate intensity and low frequency exercise training is able to attenuate obesity onset, liver steatosis and to improve insulin resistance. These effects may be closely associated with the improvement of pancreatic islet function and ANS activity that were observed in obese rats due to the consumption of a HFD. It is important to keep in mind that further studies are needed to elucidate the mechanisms by which physical exercise affects insulin sensitivity, insulin release by beta-cell, liver fat oxidation and ANS. Gomes 
